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ABSTRACT
The role of anomalous Indian Ocean sea surface temperature (SST) in forcing east African rainfall anomalies
during December–January 1997/98 has been investigated by means of atmospheric model response experi-
ments. It is shown that the strong precipitation anomalies that led to severe flooding over eastern equatorial
Africa can be directly related to the contemporaneous changes in the Indian Ocean’s SST. The authors’ set
of ensemble experiments prescribing SST anomalies in different ocean basins indicates further that the El
Nin˜o–related SST anomalies in the equatorial Pacific did not directly drive the changes in the climate over
eastern Africa.
1. Introduction
The dominant mode of tropical interannual climate
variability is the El Nin˜o–Southern Oscillation
(ENSO) phenomenon (Philander 1990). Since ENSO
originates in the tropical Pacific [see, e.g., the ENSO
theory Tropical Ocean Global Atmosphere review pa-
per by Neelin et al. (1998)], most studies on tropical
interannual variability have concentrated so far on
this region. The role of the other two tropical oceans,
the tropical Atlantic and Indian Oceans, in forcing
climate anomalies is less well understood. Here we
present some evidence for an active role of the trop-
ical Indian Ocean in forcing climate anomalies over
eastern equatorial Africa. However, we restrict our-
selves in this short note to a case study investigating
the origin of the eastern equatorial African rainfall
anomalies during December–January 1997/98 only.
This period was characterized by numerous climate
anomalies all over the world, and many of these anom-
alies were predicted with coupled models (e.g., Stock-
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dale et al. 1998). Most of these anomalies were forced
directly by the Pacific SST anomalies associated with
the record El Nin˜o 1997/98. However, there are in-
dications that eastern equatorial African rainfall
anomalies were not, and we shall show below that the
Indian Ocean SST anomalies rather than the Pacific
SST anomalies forced the anomalous rainfall over
eastern equatorial Africa during the period consid-
ered. We would like to point out that we address in
this note the origin of the eastern equatorial African
rainfall anomalies during December–January 1997/98
only. In order to do this, we conducted ensembles of
atmosphere model experiments with prescribed SSTs
in different ocean basins. We neither attempt to pro-
vide a complete picture of the role of Indian Ocean
SSTs in global climate, nor do we investigate the par-
ticipitation of the Indian Ocean in the ENSO phe-
nomenon.
Many studies have addressed the predictability of
rainfall anomalies in different regions of the African
continent both on interannual and interdecadal time-
scales and their relationships to SST anomalies and
atmospheric circulation changes. Folland et al. (1986),
for instance, show a remarkable relationship between
Sahelian rainfall anomalies and global-scale SST
anomalies on interdecadal timescales, while tropical
Atlantic and Pacific SST anomalies appear to be more
3498 VOLUME 12J O U R N A L O F C L I M A T E
FIG. 1. Variances explained in an index of eastern equatorial African rainfall anomalies by the SST anomalies in the Indian and Pacific
Oceans for the winter season (DJF) and the period 1979–98. The eastern equatorial African rainfall index is an area average over the region
58N–58S and 358–508E. The rainfall and SST data were obtained from the datasets of Reynolds and Smith (1994) and Xie and Arkin (1997),
respectively.
relevant at interannual timescales (Palmer 1986; Fol-
land et al. 1991; Rowell et al. 1992). Some evidence
for a relationship between rainfall in Guinea and east-
ern equatorial Atlantic SST anomalies on interannual
timescales has been reported by Ward (1998). An ap-
parent relationship between Moroccan rainfall vari-
ability and the North Atlantic oscillation has been de-
scribed by Lamb and Peppler (1987, 1988). Lamb and
Peppler (1991) give a nice summary on West African
rainfall variability. The rainfall in southern Africa is
affected by ENSO (Ropelewski and Halpert 1989).
Cane et al. (1994), for instance, show that Zimbabwean
rainfall and maize yield depend strongly on eastern
equatorial Pacific SST anomalies.
The role of Indian Ocean SSTs in climate variability
has been also discussed in a number of papers. Nicholls
(1989), for instance, describes a relationship between
Indian Ocean SST anomalies and Australian winter
rainfall. Makarau and Jury (1997) find a relationship
between summer rainfall in Zimbabwe and Indian
Ocean SSTs. Arpe et al. (1998) demonstrate in a mod-
eling study that moderate changes in the northern In-
dian Ocean SSTs may affect the Indian summer mon-
soon rainfall. Here we investigate by means of atmo-
sphere model experiments the role of Indian Ocean
SST anomalies in driving eastern equatorial African
rainfall anomalies during December–January 1997/98.
This period was characterized by very strong rainfall
anomalies that led to severe flooding in this region.
We have picked this particular time period because
both the Indian Ocean SST anomalies and the rainfall
anomalies over eastern equatorial Africa have been
highly anomalous. We felt that if the strong Indian
Ocean SST anomalies observed during winter 1997/
98 would not exert a strong impact on eastern African
climate, then it would be unlikely that they would on
other occasions, when Indian Ocean SST anomalies
are less well developed. As such our modeling study
should be considered as a pilot study, a first step in
investigating the role of the Indian Ocean SSTs in forc-
ing East African climate anomalies.
Anomalously strong rainfall over eastern equatorial
Africa is often observed during warm ENSO extremes
(El Nin˜os; Ropelewski and Halpert 1989). However,
an analysis of observed rainfall and SST anomalies
(not shown) revealed that only about 20% of the rain-
fall variability in winter (DJF) over eastern equatorial
Africa can be attributed directly to the SST anomalies
in the eastern equatorial Pacific, as measured by the
Nin˜o3 index. The larger part of the variability in east-
ern equatorial African rainfall is related to Indian
Ocean SST anomalies. This is demonstrated by Fig. 1,
which shows the variance explained in eastern equa-
torial African rainfall anomalies (averaged over the
region 58N–58S and 358–508E) by the SST anomalies
in the Indian and Pacific Oceans in the winter season
during the period 1979–98. Relatively high values are
found in the western tropical Indian Ocean, with the
highest explained variances in the southwestern part
of the basin. In contrast, the SST anomalies in the
Pacific do not contribute strongly to the rainfall vari-
ability. A very strong SST anomaly was observed in
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the southwestern equatorial Indian Ocean during win-
ter 1997/98 (Fig. 2), and the impact of this SST anom-
aly on the rainfall over eastern Africa is the topic of
this paper.
Our note is organized as follows. We describe in sec-
tion 2 the experimental setup and in section 3 the results
of our response experiments with SST anomalies in dif-
ferent ocean basins. The note is concluded with a dis-
cussion in section 4.
2. Experimental design
In order to demonstrate the connection between In-
dian Ocean SST and eastern equatorial African rainfall,
we conducted a series of atmospheric response exper-
iments with the atmospheric general circulation model
ECHAM3 described in detail by Roeckner et al. (1992).
The model has been used at T42 (2.88 3 2.88) and T21
(5.68 3 5.68) resolutions. SST anomalies were pre-
scribed in different ocean basins (Fig. 2): the tropical
Indian Ocean (Fig. 2a), the tropical Pacific Ocean (Fig.
2b), and both the tropical Indian and Pacific Oceans.
The ‘‘Indian Ocean–only’’ experiment has been per-
formed with both the T42 and T21 models, while the
other two experiments have been performed at T21
resolution only. The SST anomalies obtained from the
dataset of Reynolds and Smith (1994) have been av-
eraged over the months December 1997 and January
1998 and held constant during the integrations, and
ensembles of five 90-day integrations with different
initial conditions were conducted. The results were av-
eraged over all 90 days and the ensemble mean re-
sponses are shown. Control runs of 30- and 50-yr
lengths forced by climatological SSTs serve as the ref-
erence runs for the T42 and T21 models, respectively.
A t test has been applied to assess the statistical sig-
nificance of the results, and the response is shown only
in those regions in which the values exceed the 95%
confidence level.
We have chosen the two months December–January
1997/98 since rainfall anomalies in our target region,
eastern equatorial Africa, were strongest during this
period. It should be noted that strong rainfall anomalies
were observed over eastern equatorial Africa also in
fall, which resulted probably from a characteristic east–
west dipole in Indian Ocean SST. Our study, however,
does not address the origin of the anomalies observed
in fall.
3. Response experiments
Our first experiment was performed by forcing the
model at T42 resolution by the Indian Ocean SST
anomalies (Fig. 2a) only. This SST anomaly pattern is
characterized by a large-scale warming of the tropical
Indian Ocean, with strongest anomalies in the Southern
Hemisphere, extending from the east coast of equa-
torial Africa in a southeastward direction to the west
coast of Australia. The model’s rainfall response to the
Indian Ocean SST anomaly is remarkably similar to
the rainfall anomalies observed during December 1997
and January 1998 both in pattern and amplitude (Fig.
3). This indicates that the Indian Ocean SST anomalies
were instrumental in causing the severe flooding over
eastern equatorial Africa during winter 1997/98. Both
the observations and the model response show rainfall
anomalies over eastern equatorial Africa and the sur-
rounding regions of the order of several millimeters
per day. Farther eastward, anomalously dry conditions
are simulated over the equatorial Indian Ocean, con-
sistent with the observations. The model fails to sim-
ulate the anomalously dry conditions observed near
208S and eastward of 608E. As will be shown below,
this particular feature will be simulated more realis-
tically when the tropical Pacific SST anomalies are
included in forcing the model. In summary, our Indian
Ocean–only experiment shows clearly that the climatic
conditions over eastern equatorial Africa and the ad-
jacent ocean areas are sensitive to Indian Ocean SST
anomalies.
Anomalously low pressure is simulated over the re-
gions with enhanced SST and rainfall, and the horse-
shoe-type pattern of anomalously strong rainfall and
anomalously high SST is seen also in the sea level
pressure anomaly field (not shown). This is consistent
with a thermal response. Farther to the west, positive
sea level pressure anomalies were simulated covering
most of Africa in the region 158N–158S. Strongest
anomalous surface wind convergence is found near the
equator off the western boundary in the region 408–
558E (not shown), where we find also the strongest
rainfall response. Strong anomalous surface wind di-
vergence is simulated farther westward in the region
208–358E. Surface temperatures are strongly reduced
over eastern equatorial Africa, with maximum tem-
perature anomalies of about 248C in Kenya. All these
features are statistically highly significant, as revealed
by t tests.
Additional sensitivity experiments were conducted in
order to explore the model’s sensitivity to different SST
anomaly patterns. These sensitivity experiments were
performed at T21 resolution. The T21 model was forced
by all three different tropical SST anomaly patterns
shown in Fig. 2. In the first experiment, the SST anom-
alies in the Indian Ocean only were prescribed, as in
the experiment with the T42 model version described
above. In the second experiment, the SST anomalies in
the Pacific Ocean only were prescribed, while in the
third experiment, both the tropical Indian Ocean and
Pacific Ocean SST anomalies were prescribed. Again
five-member ensembles of 90-day integrations were per-
formed, the results averaged over all 90 days, and the
ensemble mean responses shown.
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FIG. 2. The three SST anomaly patterns (8C) used in the response experiments with the ECHAM3 atmosphere model. (a)
The Indian Ocean part, (b) the Pacific Ocean part, and (c) the complete Indo–Pacific SST anomaly observed during the period
Dec 1997–Jan 1998.
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The Indian Ocean experiment reproduced the main
features simulated by the higher-resolution version (Fig.
4a), verifying that the decrease in the resolution of the
sensitivity experiments is not critical. The main result
of the remaining sensitivity experiments was that the
Pacific Ocean SST anomaly fails to produce the ob-
served anomalies over eastern equatorial Africa and the
adjacent ocean areas. While the observations show en-
hanced precipitation in this region (Fig. 3a), reduced
precipitation is simulated in the Pacific Ocean experi-
ment (Fig. 4b). Thus, our modeling study indicates it is
the Indian Ocean SST anomalies rather than the Pacific
Ocean SST anomalies that forced the strong precipita-
tion anomalies over eastern equatorial Africa during De-
cember–January 1997/98. The response experiment in
which both the Indian and Pacific Ocean SST anomalies
were prescribed (Fig. 4c) can be interpreted to first order
as the linear superposition of the first two experiments,
which can be inferred from the sum of the responses of
the first two experiments (Fig. 4d). The inclusion of the
Pacific SST anomalies, however, improves somewhat
the simulation of the rainfall anomalies over the Indian
Ocean near 208S by weakening the excessive rainfall
anomalies seen in Figs. 3b and 4a.
Since the result that the Indian Ocean SST anomalies
rather than the Pacific SST anomalies forced the rain-
fall anomalies over eastern equatorial Africa is an im-
portant one, we performed additional ensemble exper-
iments that are not shown here. In particular, we re-
peated the Pacific-only experiment with the higher-res-
olution T42 version of our model and found a similar
result to that obtained with the T21 model: The Pacific
SST anomalies did not drive the heavy rainfall over
eastern equatorial Africa and yielded even the wrong
sign. Thus, we are rather confident that the connection
between Indian Ocean SST anomalies and eastern
equatorial African rainfall is real. We note, however,
that the Indian Ocean SST anomalies observed during
winter 1997/98 were highly exceptional both in
strength and pattern, and that our results should not be
generalized.
4. Discussion
Our results indicate that SST anomalies in the Indian
Ocean were important in December–January 1997/98 in
forcing climate anomalies over eastern Africa. This link
between the Indian Ocean SST and the climate over
eastern Africa provides some hope for seasonal climate
forecasting in this region, provided that the SST anom-
alies themselves are predictable. It has been shown that
the Indian Ocean SSTs respond to the SST fluctuations
in the tropical Pacific with a time lag of a few months
(Klein et al. 2000; Venzke et al. 1999). This response
is a mixed layer response to anomalous surface heat
fluxes forced by the SST anomalies in the tropical Pa-
cific. Thus, short-range predictions of Indian Ocean SST
anomalies appear possible to the extent that ENSO itself
is predictable. An example has been shown, for instance,
by Latif and Barnett (1995), who used a hybrid coupled
model to study the interactions between the tropical
oceans and to hindcast western equatorial Indian Ocean
SST anomalies during and after the strong El Nin˜o of
1982/83.
The amount of variance in southwestern Indian
Ocean SST variability explained by ENSO amounts to
about 50% if the winter season (DJF) is considered,
which was revealed by an analysis of seasonal SST
anomalies for the period 1979–98. The fraction of var-
iance explained by ENSO increases somewhat (up to
about 60%) when a lag of one season is introduced,
with the southwestern Indian Ocean SST lagging. The
period considered, however, was a relatively active
ENSO period, and the explained variance in south-
western Indian Ocean SSTs is reduced to about 30%,
when the period 1950–98 is used. Thus, a large part
of the interannual SST variability in the Indian Ocean
is not related to ENSO. Furthermore, the structure of
the SST anomaly observed during the El Nin˜o winter
1997/98 that was used in this study was somewhat
unusual, and the strong SST anomaly in the southern
part of the Indian Ocean (Fig. 2a) does not fit the ca-
nonical ENSO response structure, which is character-
ized by a more uniform and tropically confined SST
anomaly pattern (Venzke et al. 2000).
It is likely, however, that the strong Indian Ocean
SST anomaly observed in winter 1997/98 was forced
remotely by the SST anomalies in the Pacific. In order
to demonstrate this, we show in Fig. 5 the anomalous
surface heat flux for the winter (DJF) 1997/98 as sim-
ulated in an integration with the T42 version of the
atmosphere model ECHAM4 driven with the Pacific
SST anomalies only. This experiment is described in
detail by Gro¨tzner et al. (1999, manuscript submitted
to Quart. J. Roy. Meteor Soc.). Significant positive heat
flux anomalies, which would tend to warm the ocean,
are simulated in a band extending from the south-
western equatorial Pacific in a southeastward direction.
A detailed discussion of the origin of the Indian Ocean
SST anomaly is beyond the scope of this paper, but
Fig. 5 indicates strongly that the Pacific played a major
role.
In summary, we have shown that the Indian Ocean
SST is able to play an active role in forcing climate
anomalies over eastern Africa and that such a situation
occurred during December and January 1997/98. This
has important implications for the development of cli-
mate forecast models. Many models used today couple
only a tropical Pacific basin ocean model to a regional
or global atmosphere model. Such models lack impor-
tant interactions within and between the tropical oceans
and may therefore lose the potential to predict climate
anomalies over eastern Africa. Furthermore, our results
indicate that an observational network in the Indian
Ocean should be established, in order to improve our
3502 VOLUME 12J O U R N A L O F C L I M A T E
FIG. 3. (a) Observed rainfall anomalies (mm day21) during the period Dec 1997–Jan 1998. (b) The atmosphere model ECHAM3 (T42)
simulated rainfall anomalies (mm day21) with Indian Ocean SST anomalies prescribed. The model response shown is the mean over all five
realizations. Shown are the anomalies (relative to a 30-yr control run with climatological SSTs) that exceed the 95% significance level
according to a t test.
understanding of the processes that govern the inter-
annual SST fluctuations in this region. Such an observ-
ing system should monitor not only surface quantities
but also subsurface quantities. There are, for instance,
indications from altimetric sea surface height observa-
tions (TOPEX/Poseidon) that interannual baroclinic
Rossby waves affect the SST in the Indian Ocean near
108S (Chambers et al. 1999).
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FIG. 4. Ensemble mean precipitation responses (mm day21) of the atmosphere model ECHAM3 (T21) to the SST anomaly patterns shown
in Fig. 2. (a) Response to the Indian Ocean SST anomaly, (b) response to the Pacific Ocean SST anomaly, (c) response to the complete
Indo–Pacific SST anomaly, and (d) linear superposition of the responses shown in (a) and (b). Shown are the anomalies (relative to a 50-
yr control run with climatological SSTs) that exceed the 95% significance level according to a t test.
FIG. 5. Ensemble mean surface heat flux response (W m22) of the atmosphere model ECHAM4 (T42) to the Pacific SST anomalies observed
during winter (DJF) 1997/98. The model response shown is the mean over all 10 realizations performed. Shown are the anomalies (relative
to a 26-yr run with observed SSTs for the period 1979–94) that exceed the 95% significance level according to a t test. Further details can
be obtained from Gro¨tzner et al. (1999, manuscript submitted to Quart. J. Roy. Meteor. Soc.).
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